Background: Fatigue in older adults is associated with functional decline and reduced participation in daily life; however, it is not well characterized. Examining fatigue within activity performance, or "fatigability," is a recommended approach to begin to understand fatigue and its underlying mechanisms. This study examined the construct validity of lab-based measures of fatigability and compared these measures with fatigability in daily life (termed ecological fatigability). Methods: Participants with osteoarthritis and fatigue (n = 163) underwent laboratory assessments, completed questionnaires, and wore accelerometers for 7 days while tracking symptoms and behaviors. Lab-based fatigability measures were quantified using the 6-minute walk test. Perceived fatigability was assessed by asking participants before and after the test to report: (i) fatigue severity and (ii) perceived exertion. Performance fatigability was calculated using change in walking speed divided by total distance walked. Ecological fatigability was calculated from the 7-day assessment in which fatigue severity was reported five times a day and physical activity was continuously measured. Additional ecological measures (eg, self-pacing) were examined. Results: Lab-based perceived and performance fatigability measures were highly inter-correlated, moderately correlated with gait speed and metabolic measures, and weakly correlated with physical activity. Although ecological fatigability was weakly correlated with lab-based measures, participants with high fatigability on lab-based measures demonstrated more self-pacing behaviors than participants with low fatigability. Conclusion: Lab-based fatigability measures are related to physical capacity measured both in the lab and daily life. Lab-based fatigability measures provide important information regarding daily life fatigability useful for future intervention development.
Fatigue in older adults is part of the frailty syndrome and crosscuts many chronic conditions experienced in older age. Fatigue is associated with activity restriction (1) and is an early indicator of functional decline (2) (3) (4) and premature death (4) (5) (6) . Despite its association with negative health outcomes, fatigue is not well characterized in older adults in part due to measurement limitations. Typically, fatigue measurement involves rating physical or cognitive fatigue severity or fatigue interference in daily life. This provides an incomplete picture of fatigue, however, because neither the activity context in which fatigue occurs is captured nor are the confounding effects of self-pacing activities considered. This latter point is particularly problematic given that individuals with reduced physical capacity may report less fatigue than others who have a higher capacity because they self-pace activity to avoid fatigue spikes (7) .
The issue of self-pacing activity as it relates to fatigue can be understood when examining the main conceptual model of fatigue mechanisms that depicts energetic requirements for performing daily physical activities (8) . The model shows a negative reinforcing cycle of how individuals at risk for energy depletion due to low physiologic reserve adapt performance of activities by slowing down or self-pacing. In turn, their physical activity levels are diminished, thereby reducing functional fitness and contributing to further declines in functional capacity and physiologic reserve.
Assessment of "fatigability" has been proposed as one solution to better characterize fatigue. Fatigability is a measure of the change in reported fatigue or in performance during activity engagement. Importantly, fatigability measurement allows for the examination of underlying fatigue mechanisms. For instance, fatigability assessments conducted in lab can be designed to provide a standardized stressor to the whole body. Subsequent measurement of perceived and performance effects during testing can then be used to help quantify functional capacity in relation to physiologic reserve. An assessment as such could reveal clinical indicators of a person's risk for functional decline and general vulnerability to health stressors, a key component of frailty, or conversely, physical resilience (9) . A recent study from a large data set found that fatigability, as measured by perceived exertion after a 5-minute treadmill test at 1.5 mph, was associated with meaningful functional declines at 2-year followup (10) .
Although the study presented earlier (10) is one example of how fatigability measurement can provide valuable clinical information, work is still needed to develop robust measures of fatigability. Lab-based fatigability has been examined most often in relation to physical function and clinical characteristics such as age, chronic conditions, or frailty (10) (11) (12) (13) (14) and in relation to fatigue mechanisms concerning energetics or metabolic factors (11, 12) . Higher levels of perceived fatigability measured by either change in reported fatigue severity (11, 13) or perceived exertion (12, 14) have been associated with worse physical function, low physical activity, and frailty (11, 13) . In addition, older adults with slower self-selected gait speed had higher energy expenditure and perceived exertion fatigability (12) . Although these studies provide support for the energetics model of fatigue mechanisms, little is known about how fatigability manifests within the context of daily life or within samples that have chronic pain such as osteoarthritis.
The present study is a secondary data analysis of a parent study in which the primary purpose was to examine fatigue and physical activity in older adults with osteoarthritis who reported clinically relevant fatigue (15) . Here, we examine the validity of lab-based fatigability measures collected during walking tests (perceived and performance fatigability) and address a critical gap of how these measures relate to fatigability in daily life ("ecological fatigability") and other relevant ecological factors including physical activity and self-pacing. Ecological fatigability is a way to study how fatigue relates to physical activity levels as people go about their day-to-day lives. Similar to a lab-based stressor of a walking test, activity periods or "bouts" that are particularly high for a person may be viewed as a stressor, and the fatigue increase over that bout can be used to examine fatigability. The measurement is meant to simulate labbased fatigability tests and was proposed in a previous study (16) .
We hypothesized that lab-based perceived fatigability severity and perceived exertion fatigability would be highly correlated and that both types of perceived fatigability would be moderately correlated with performance fatigability, supporting construct validity. We additionally hypothesized that the lab-based fatigability measures would be moderately associated with gait speed and metabolic variables (peak VO 2 and O 2 cost). We also expected that people with high levels of lab-based fatigability would have evidence of ecological fatigability based on ecological measures (in vivo fatigability, symptoms, self-pacing, and physical activity) collected over a 7-day period.
Methods

Participants
This study included 163 community-dwelling older adults (65 years or older) who completed an in-lab walking test and home-monitoring period as part of the parent study (15) . Eligible participants showed evidence of knee or hip osteoarthritis (17, 18) , reported mild-to-moderate pain in the osteoarthritic joints (19) , and reported "clinically relevant" fatigue defined as present at least "a moderate amount of the time" for one of two questions: "How often in the past week did you feel like everything you did was an effort?" and "How often in the past week could you not get going?" (20) .
General Procedures
Eligible participants attended an in-lab visit composed of questionnaire completion, physical performance testing, and training in the use of a wrist-worn accelerometer (Actiwatch Score, Philips Respironics, Bend, OR) to be worn for 7 days following the lab visit. They were provided a logbook to record activity, symptoms, and self-pacing behaviors for cross-validation of Actiwatch data.
Measures
Demographics and health status Demographic information (age, race/ethnicity, and marital status) and health status information, including body mass index and selfreported number of chronic conditions (out of 19), were collected via self-report survey.
6-Minute walk test
Participants walked continuous, self-paced laps in a 30-m hallway (21) while wearing a portable metabolic monitor, COSMED K4, to objectively measure oxygen uptake. Immediately pre-and posttest, participants were asked to rate their fatigue severity (0 = not fatigued at all to 10 = fatigued as badly as I can imagine) and perceived exertion on the Borg scale (22) using the 11-point modified version (0 = nothing at all to 10 = very, very hard).
Lab-based fatigability and metabolic measures
Lab-based fatigability (ie, perceived fatigability severity, perceived exertion fatigability, and performance fatigability) was quantified and calculated by using combinations of measures (Table 1 ) similar to previous studies (11, 13) . Activity was standardized using the 6-minute walk test (6MWT) (23) . Higher scores indicated greater fatigability.
Two metabolic variables were calculated. These factors were included due to their presence in the model of proposed physical fatigue mechanisms (8) and for comparison purposes from previous studies in older adult samples. Peak VO 2 was measured in milliliters of oxygen per kilogram of body weight per minute and O 2 cost was the oxygen cost of walking per unit of distance walked (expressed as milliliters of oxygen per kilogram per meter walked) (11) .
Gait speed
Gait speed was assessed using a test of comfortable gait speed (24) ; it was performed over a 5-m distance in an unobstructed hallway with 2 m to ramp up and 2 m to slow down. Participants were instructed to walk at a self-selected comfortable pace. Time in seconds to complete the middle 4 m was used to calculate gait speed in meters per second.
Ecological fatigability and other ecological measures
Ecological fatigability was measured by using objective physical activity captured from the Actiwatch Score and self-reported fatigue severity collected over 7 days. Fatigue severity was measured on a 0-10 scale at wake-up, 11 am, 3 pm, 7 pm, and bedtime. Physical activity intervals were set using the Actiware software and defined as the average activity counts per minute between each fatigue reporting period. In a previous paper (16), we defined our process for determining ecological fatigability (see Table 1 ). In this paper, we refined this measure to align with the lab-based fatigability measures by defining ecological fatigability as the number of "fatigable bouts" where fatigue increased during (as opposed to after) a high activity period. To calculate ecological fatigability, we identified all high activity bouts that were ≥ 1 SD above a person's mean activity counts per minute for the week. High activity bouts were labeled as a fatigable bout if fatigue increased from the beginning to end of each high activity bout. Fatigable bouts were tallied across the week, resulting in a summary score of ecological fatigability. The mean weekly physical activity level was the average activity counts per minute from the entire 7-day assessment period as captured by the Actiwatch Score. Self-pacing was assessed through rating of pacing at 11 am, 3 pm, 7 pm, and bedtime. Participants rated their self-pacing behaviors since the last reporting period using the following questions: (i) How often have you gone slowly and taken breaks to do your activities since the last time you rated your symptoms?; (ii) How often have you maintained a reasonable pace during activities (not too fast or too slow) to reduce the effect of pain on what you were doing since the last time you rated your symptoms?; and (iii) How often did you break activities into manageable pieces to do them since the last time you rated your symptoms? Participants rated frequency of these behaviors on a scale of 0-4 ("not at all" to "always"); items were summed into a single scale with a possible range of 0-12 (25) . Mean frequency of self-pacing over the week was calculated.
Data Analysis
To examine validity of fatigability measures, we conducted bivariate correlation analyses using Pearson's r. We considered correlations of small magnitude to be .20-.40, moderate correlations to be .41-.60, and high correlations to be ≥.61 (Table 2) . To further examine associations between each lab-based fatigability measure and ecological fatigability and other ecological measures, we performed three separate binomial logistic regression analyses. In these analyses, the outcome variable was high/low fatigability based on a median split of lab-based measures. The same set of independent variables was included in each model for comparison of across models, and this set included ecological fatigability and other ecological measures collected in the 7-day period. These measures included the weekly average of pain ratings, fatigue ratings, and frequency of self-pacing behaviors. Goodness of fit was tested using the Hosmer Lemeshow test in which higher, nonsignificant p values indicate better fit (26) . All analyses were conducted using SPSS Version 22.
Results
The mean age of the sample was 71.9 ± 5.9 years (range 65-90), 62% were women, and 17% included minorities (11% African American, 3% Asian, and 4% other). The median body mass index of the sample was 29.6 kg/m 2 . The sample had a mean of 1.7 ± 1.3 chronic medical conditions. High blood pressure was the most frequently reported chronic condition (experienced by 53% of the sample), hypothyroidism was the second most reported (15%), and heart disease was the third (9%). The sample had a mean of 1.8 ± 0.8 joints with osteoarthritis in the knees or hips. The sample's mean gait Wrist-worn accelerometry Weekly sum of "fatigable bouts" where 163 1.6 (1.1) mean physical activity for an activity "bout" (between two fatigue ratings) ≥ 1 SD above a person's weekly mean activity AND fatigue severity increased from preto post-activity bout Notes: 6MWT = 6-minute walk test; SD = standard deviation. For a more detailed explanation of the calculations of the lab-based fatigability measures, see ref. (13) . speed was 1.06 ± 0.22 m/s; 36% scored less than 1 m/s, indicating increased risk for negative health outcomes (27) . They had moderate levels of fatigue (4.6 out of 10 on the Brief Fatigue Inventory (28)) and low pain (8.6 out of 20 on the Western Ontario and McMaster Universities Osteoarthritis Index scale pain subscale (19) ). Weekly fatigue and pain in the 7-day monitoring period was also mild to moderate (4.0 ± 1.8 and 3.2 ± 1.7, respectively). The weekly mean activity level (activity counts per minute) from the accelerometer was 321.4 ± 101.5 (n = 163); the weekly mean amount of immobile time during waking hours was 27%, which is the same as in a populationbased cohort of community-living older adults (29) . Table 1 shows the means and standard deviations for the labbased and ecological fatigability measures. The three lab-based fatigability measures were highly correlated (r = .62 perceived fatigability severity and performance fatigability; r = .74 perceived exertion fatigability and performance fatigability; r = .80 perceived fatigability severity and perceived exertion fatigability). Additionally, each lab-based fatigability measure was moderately correlated with gait speed and metabolic variables of O 2 cost of walking and showed smaller correlations with peak VO 2 . Lab-based fatigability measures were only weakly correlated with physical activity, demographic, and health status variables. Ecological fatigability was only weakly correlated with the three lab-based fatigability measures (r = .12-.17) and other variables; its strongest association was with number of chronic conditions (r = . 19) .
The logistic regression models show similar findings when compared. Self-pacing was the only ecological measure significantly associated with lab-based fatigability across all measures. Compared with participants with low fatigability on lab-based measures, participants with high fatigability had a higher odds of self-pacing behaviors over the 7-day period (Table 3) . Participants with high perceived exertion fatigability also had higher fatigue increases over high bouts in the 7-day period compared with participants with low perceived exertion fatigability.
Discussion
This article extends validation work into lab-based and ecological fatigability measures and the association between the two types of measures. As hypothesized, lab-based fatigability measures were highly correlated. The very high correlation between the two labbased perceived fatigability measures suggests that these may be redundant. Performance and perceived fatigability measures were also highly correlated. Measurement of performance fatigability using tests in which people can walk at self-selected speeds may be problematic due to how a person self-paces during the test (13); Notes: High fatigability for each lab-based fatigability measure was determined using median splits. a Hosmer Lemeshow test supported goodness of fit of each model (χ 2 = 7.37; p = .50 for performance fatigability; χ 2 = 6.04; p = .64 for perceived fatigability severity; χ 2 = 9.18; p = .33 for perceived exertion fatigability). Ecological fatigability was the mean number of high bouts with fatigue increase over 7 days. c Due to the high correlation between pain and fatigue ratings (r = .81), separate models were run with pain and fatigue separately. Interchanging these variables did not affect relationships within the model and neither fatigue nor pain was significant in these models. The models with the fatigue variable are presented.
*p ≤ .05. however, our findings lend support to the validity of performance fatigability captured during the 6MWT. Using a resource-efficient walking assessment like the 6MWT is likely easier to integrate into clinical settings than performance fatigability measures calculated using treadmill tests. The lab-based measures of fatigability were most highly associated with functional and energetic variables, similar to other studies that measured gait speed (13) and O 2 cost of walking (11) . Clinical characteristics had little to no correlation with fatigability measures in our study, which mirrors variable findings in previous works. Fatigability has been inconsistently associated with age (11, 13 ), yet appears to be strongly linked to frailty. Our study did not have a frailty measure although our sample included individuals who had to meet at least one frailty criterion (ie, clinically relevant fatigue) from the Fried phenotype (30) .
Unexpectedly, ecological fatigability was only weakly correlated with lab-based fatigability measures. There may be several reasons for this finding, which may reflect limitations of the present study and opportunities for future research. First, in daily life, people may avoid activity that elicits fatigue; this is supported by our findings that those who were more fatigable in the lab reported more pacing in daily life. Our fatigability measure was designed to determine if people had fatigue increases in their most active bouts, which may not capture people who avoid or self-pace activity. Second, it may be that ecological fatigability is better expressed as a daily life pattern as opposed to an aggregate score. We summed the number of high bouts in which fatigue increased over the week without further consideration of how the bouts affected subsequent fatigue and activity levels. Consequently, multilevel, within-day analyses may reveal more nuanced associations between lab-based and ecological fatigability measures. Third, ecological fatigability was calculated using set activity intervals, which may have reduced the sensitivity of this measure. As these time points were predetermined and over a relatively long stretch of time (3 to 4 hours), it is possible that people had smaller fatigable episodes within their day that were not captured. Fourth, identification of high bouts as 1 SD over a person's mean was a reasonable but arbitrary choice. Reducing the threshold for high bouts may better capture fatigable bouts where people are self-pacing. The number of alternative analyses and interpretations of ecological fatigability in this study support the overall argument that measurement of ecological fatigability is still in its infancy and worthy of future research.
Despite the weak association between lab-based and ecological fatigability, lab-based fatigability measures were associated with self-pacing in the 7-day period self-pacing. These findings speak to possible mechanisms of high fatigability that play out in daily life and potential intervention targets. Of note, reported self-pacing in daily life may reflect the mechanism of reduced physical capacity and energy reserves as discussed in the energetics model of fatigue (8) and warrants further investigation. Importantly, in additional analyses, we found that participants who were highly fatigable had high bouts that consisted of less activity (eg, participants with high perceived exertion fatigability had 500.8 activity counts per minute ± 230.0 vs participants with low perceived exertion fatigability who had 564.0 activity counts per minute ± 163.6; t = 2.02, p = .05). This reduced activity and higher use of pacing may be ecological representations of what is measured in lab-based fatigability tests. Measurement of self-pacing in daily life should be considered in future measures of ecological fatigability.
This study involved a larger sample than most current studies that have examined the validity of lab-based fatigability measures.
It should be noted that calculations of lab-based fatigability measures across this study and previous studies (11, 13) vary slightly. This is due to differences in the walking test used (6MWT vs 400-m test) or for performance fatigability, when distance intervals were recorded (every 1, 2, or 2.5 minutes). Therefore, the calculated values may not be directly comparable. The entire study sample had osteoarthritis and clinically relevant fatigue. Although both are common in older adults, these characteristics limit generalizability of findings to other populations. Moreover, we found similar associations for both pain and fatigue in the 7-day monitoring period when compared with lab-based fatigability measures, which may support the important influence of pain on the fatigability experience. However, it is difficult to disentangle pain from fatigue using the available data as the symptoms were highly associated and queried at the same points throughout the day. In a previous study using data from this sample, we found that both pain and fatigue were associated with self-pacing in similar ways within a day, suggesting both symptoms may influence how people behave within the context of carrying out daily activities (25) . Further, our three-item measure of self-pacing also mentioned pain as a reason for pacing activity, which confounds the relationship between pacing and fatigue. Despite this, self-pacing is clearly an important, complex variable for future study.
Conclusion
Validity of the lab-based fatigability measures tested in this study was supported. Although the lab-based fatigability measures were only weakly associated with the ecological fatigability measure, higher scores on lab-based measures were associated with self-pacing, which may be an important indicator of fatigability in daily life. Future studies should focus on understanding the utility of the lab-based measures by understanding how they relate to fatigability in daily life. 
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